


































It	 is	 estimated	 that	 105	metric	 tons	 of	 nickel	 and	 nickel	 salts	 were	 consumed	worldwide	 in	 2011	
through	 nickel	 electrodeposition	 processes.1	 	 Electrolytic	 nickel	 coatings	 are	 commonly	 applied	 as	
decorative	 and/or	 functional	 coatings	 as	 well	 as	 use	 in	 electroforming	 processes.	 	 Some	 of	 the	
functional	 benefits	which	Ni	 coatings	 provide	 are	 corrosion	 resistance,	 electrocatalysis	 and	 use	 in	
magnetic	applications,	with	their	deposition	primarily	occurring	from	aqueous	solutions.2	 	The	first	




Typically,	 improved	 surface	 morphology	 (homogeneous	 coatings	 with	 low	 surface	 roughness)	
levelling/brightening	of	Ni	coatings	is	achieved	with	the	use	of	additives	which	modify	the	deposition	





having	 oriented	 grain	 structure	 while	 producing	 a	 smooth	 and	 even	 surface.	 	 Typically,	 both	








(for	example	Al).	 	 In	addition,	due	to	the	fundamental	differences	between	molecular	solvents	 like	
water	 and	 ILs/DESs	 there	 are	 significant	 differences	 in	 the	way	metal	 films	 nucleate	 and	 grow	on	
surfaces.9		









known	as	Reline	 (a	 2:1	molar	mixture	 of	 urea	 and	 choline	 chloride).26	 	Guo	et	 al	 also	 studied	 the	
additive	 effect	 of	 nicotinic	 acid	 in	 Reline	 for	 the	 electrodeposition	 of	 Ni	 additionally	 finding	 that	
nicotinic	acid	has	the	effect	of	refining	the	grain	size	of	Ni	deposits	in	this	case.2		However,	Reline	has	
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a	 relatively	 high	 viscosity	 (300	 cP	 at	 298	 K)	 and	 has	 relatively	 poor	 thermal	 and	 electrochemical	
stability.			





















length	 of	 1	 cm.	 Values	 for	 lmax	were	 determined	 using	 the	 spectrophotometer’s	 built-in	 peak-pick	
feature,	using	UV-probe	software.		
Cyclic	voltammetric	and	chronoamperometric	/	chronocoulometric	investigations	were	performed	on	























for	 cross	 section	 were	 prepared	 through	 encasing	 in	 Conductomount	 (Met-Prep)	 on	 a	 Struers	























salts	 were	 dissolved	 in	 Ethaline,	 ethyleneglycol	 (Eg)	 acted	 as	 a	 chelating	 ligand	 with	 the	 Ni2+	
surrounded	by	three	glycol	molecules	forming	the	[Ni(Eg)3]2+	complex.		In	addition,	it	has	also	been	
demonstrated	that	NiCl2	 in	Ethaline	 is	also	thermochromic	 in	that	 it	forms	a	pale	green	solution	at	
room	temp	yet	at	 the	elevated	 temperatures	 (T	>	 	90	 °C)	 it	will	 form	a	deep	blue	solution.34	 	This	

































species	 is	 still	 progressively	 dominant	 at	 higher	 temps.	 	 The	 peak	 in	 band	 1	 is	 still	 present	 for	 all	
additives,	occurring	at	a	similar	intensity	and	peak	position	for	the	solutions	containing	DMH	and	BA	
suggesting	 that	 [Ni(eg)3]2+	 is	 the	 structure	 relating	 to	 this	 peak.	 	 However,	 for	 those	 solutions	
containing	NA	and	MN	the	peak	position	has	shifted	to	slightly	lower	wavelength	as	well	as	exhibiting	
higher	intensity.		Since	the	shift	in	position	and	intensity	are	relatively	small	we	interpret	this	peak	as	
arising	 from	 the	 3A2g(F)	à	 3T1g(P)	 transition	 from	an	octahedral	 complex.	 	However,	 the	 small	 but	
significant	change	in	position	and	shape	of	the	band	1	peak	suggests	that	some	of	the	ethyleneglycol	
molecules	of	the	octahedral	cationic	structure	may	have	exchanged	with	NA	or	MN.	





























indicating	 that	 Ni	 metal	 deposition	 is	 slower	 in	 the	 presence	 of	 NA.	 	 For	 example	 at	 the	 vertex	












of	 Ni	 metal	 from	 specific	 faces	 of	 crystal	 growth	 by	 preferential	 adsorption.	 	 This	 hypothesis	 is	
	 -7-	
strengthened	 by	 XRD	 data	 (presented	 later	 in	 this	manuscript)	which	 show	 that	 the	 additives	 are	
capable	of	influencing	the	orientation	of	crystal	growth	during	deposition.	
In	the	case	of	NA	and	MN	the	maximum	concentration	of	additive	studied	is	15	mM,	1.5	orders	of	
magnitude	 lower	 than	 the	 concentration	 of	 the	 Ni	 metal	 ion.	 	 Despite	 this	 comparatively	 low	
concentration	 there	has	been	a	 significant	 impact	on	 the	Ni	plating	behaviour	 suggesting	 that	 the	
additive	mode	of	action	 is	adsorption	onto	the	substrate	surface	 leading	to	 inhibition	of	the	metal	
deposition.38		The	observation	that	MN	is	more	effective	than	NA	at	attenuating	the	electrochemical	











the	CV	with	only	a	modest	 reduction	 in	anodic	peak	current	observed.	 	Because	of	 the	contrast	 in	
behaviour	between	the	nicotinic	additives	compared	with	DMH	and	BA	it	is	likely	that	their	mechanism	
of	operation	is	different.		DMH	and	BA	may	not	act	by	strong	adsorption	onto	the	electrode	surface	
















during	 cyclic	 voltammogram	 where	 Ni	 was	 present	 in	 solution	 this	 would	 suggest	 that	 the	 Ni	
deposition	process	would	be	very	inefficient.		However,	in	the	case	of	these	two	additives	the	cathodic	








The	early	stages	of	electrodeposition	can	provide	 important	 insights	 into	the	mechanism	by	which	
metal	films	nucleate	and	grow,	often	with	important	ramifications	for	the	properties	of	bulk	deposits	
such	 as	 smoothness	 and	 brightness.	 Chronamperometric	methods	 have	 been	 used	 extensively	 to	
probe	 nucleation	 and	 growth	 mechanisms,	 in	 particular	 the	 form	 of	 the	 time-dependant	 current	
profiles	can	be	modelled	mathematically	as	described	by	Scharifker	and	Hills.40,	41		According	to	these	
simple	models	 there	 are	 two	 limiting	mechanisms	 for	 nucleation;	 instantaneous	 and	 progressive.		
Instantaneous	nucleation	represents	the	slow	growth	of	a	static	number	of	nuclei	on	a	small	number	
of	active	sites	which	form	instantaneously	once	there	 is	sufficient	electrochemical	driving	force	for	
electrodeposition	 to	 occur,	 i.e.	 at	 the	 beginning	 of	 the	 deposition	 phase	 of	 the	 experiment.		









	 !!"# 	= &.()*+,," 		 1 − 𝑒𝑥𝑝 −1.2654	 66" +	 	 Equation	1	(Instantaneous)	
	 !!"# 	= &.++)*,," 		 1 − 𝑒𝑥𝑝 −2.3367	 66" + +	 	 Equation	2	(Progressive)	
Figure	4	(a)	(inset)	shows	the	raw	data	for	the	chronoamperometry	experiment	from	a	0.6	M	NiCl2	
solution	in	Ethaline	at	90	°C	where	the	potential	at	a	Pt	working	electrode	was	held	at	+0.6	V	(w.r.t.	


























15	mM	NA	or	MN	 respectively.	 	 Figure	 4	 (b)	 shows	 clearly	 that	 the	NA	 additive	 has	 changed	 the	




demonstrated	 in	 the	 CV	 studies	 that	 low	 concentrations	 of	NA	or	MN	 in	 the	 plating	 solution	was	









give	 limited	 changes	 to	 both	 the	 electrochemical	 deposition/stripping,	 as	 analysed	 by	 cyclic	










Faraday	 constant.	 	 The	 integrated	Cottrell	 equation	 is	provided	 in	Equation	4	which	describes	 the	
overall	charge	consumed,	Q,	during	the	reaction.42		
	 -10-	
𝐼 = :;<=> ?@6 	 	 	 	 Equation	3	𝑄 = +:;<=>?B/#6B/#@B/# 	 	 	 Equation	4	
Equation	4	predicts	that	for	Faradaic	processes	the	total	charge,	Q,	is	linearly	related	to	the	square	











typically	exhibited	higher	current	profiles	during	 the	cathodic	deposition	when	compared	 to	 those	
with	additives,	Figure	2.		In	this	case	however,	deposition	is	occurring	over	a	much	longer	timescale	
than	 is	 the	 case	during	 the	CV	 scan.	 	 Consequently,	what	we	observe	 in	 the	 chronoamperometric	
experiment	is	the	bulk	equilibrium	growth	rate	for	which	the	limiting	factors	(such	as	area,	solution	












Current	 efficiency	 is	 quantified	 by	 the	 ratio	 of	measured	mass	 deposited,	 for	 a	 known	 amount	 of	
charge	 passed	 during	 electrolysis,	 with	 the	 expected	 mass	 based	 on	 the	 Faraday	 equation.		
Furthermore,	the	current	efficiency	can	vary	in	the	duration	of	a	process	and	may	be	affected	by	the	
availability	 of	 reducible	 species	 or	 by	 changes	 in	mass	 transport	 regime	 (electrolyte	 rheology)	 or	
electrode	 kinetics	 (caused	 for	 example	 by	 passivation	 effects).	 	 Simply	 weighing	 the	 total	 mass	
deposited	at	the	end	of	an	electrodeposition	will	give	an	overall	measure	of	current	efficiency	but	will	


















no	associated	viscoelastic	 losses	and	that	 the	deposit	was	rigid.	 	The	corresponding	charge	 for	 the	
Faradaic	process	was	calculated	by	integration	w.r.t.	time	of	the	chronoamperometric	data.		
In	all	cases	the	trend	of	increased	mass	with	Faradic	charge	was	approximately	linear	suggesting	that	







	𝛥𝑚 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = U; VW 	 	 	 	 Equation	6	



















use	of	additives,	 the	 total	 charge	passed	 in	a	given	 time	and	 the	corresponding	mass	deposited	 is	































resolution	 and	 as	 such	 it	 is	 unlikely	 that	 any	 features	would	 be	 visible	 in	 the	 coatings,1	 there	 are	
however	some	defects	in	the	coating	that	can	visualised	on	the	surface	in	each	of	these	cases.		This	























phases	 is	present	 indicating	 that	growth	of	Ni	crystallites	can	occur	 through	a	number	of	different	









An	 important	 insight	from	these	data	 is	that	the	additives	direct	crystal	growth	and	that	this	has	a	
controlling	effect	on	the	bulk	morphology	and	mechanical	integrity	of	the	coating.		This	is	presumably	
effected	 by	 the	 adsorption	 of	 additive	 onto	 a	 preferred	 crystal	 face	 blocking	 growth	 at	 that	 face.		
















significantly	 lower	than	that	reported	previously	 for	Ni	 from	Ethaline.34	 	This	 is	unsurprising	as	the	
coating	in	this	case	was	less	uniform	than	that	reported	previously	which	was	obtained	from	higher	Ni	
ion	 concentrations	 and	 over	 longer	 deposition	 periods.	 	 However,	 once	 the	 additives	 have	 been	
included	in	the	deposition	medium	hardness	values	of	between	430	and	473	HV	are	observed.		These	
are	comparable	to	the	aqueous	hard	nickel	values	using	additives	such	as	ammonium	chloride	46	(c.a.	

















metal	 ion	 in	 the	 DES,	 as	 evidenced	 by	 UV-visible	 spectroscopy,	 either	 at	 ambient	 or	 at	 elevated	
temperatures.	 	However,	 the	additives	have	a	marked	effect	on	 the	electrochemistry	of	 the	metal	
deposition	and	stripping	in	DES.	 	 In	particular	NA	and	MN,	at	low	concentration,	effect	a	change	in	
nucleation	and	growth	mechanism	from	instantaneous,	in	the	absence	of	additive,	to	progressive.		The	
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 0.6 M Ni + 650 mM DMH
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Pure	Ni	(0.6	M,	no	additive)	 90	 	 389	±	5	
Ni	+	NA	(15	mM)	 78	 	 454	±	30	
Ni	+	MN	(15	mM)	 79	 	 473	±	20	
Ni	+	DMH	(0.6	M)	 81	 	 430	±	15	


















Pure	Ni	(0.6	M,	no	additive)	 0.600	 0.108	 0.124	 0.090	
Ni	+	NA	(15	mM)	 0.810	 0.110	 0.024	 0.051	
	 -24-	
Ni	+	MN	(15	mM)	 0.802	 0.050	 0.030	 0.116	
Ni	+	DMH	(0.6	M)	 0.358	 0.0371	 0.541	 0.061	
Ni	+	BA	(0.6	M)	 0.056	 0.00033	 0.922	 0.0177	
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